. Introduction
pathway [1] by which risk factors may contribute to progression of atherosclerosis and cardiovascular disease Aging is an important independent risk factor for [2] [3] [4] [5] [6] . In humans, aging is associated with reduced endocardiovascular disease. Endothelial dysfunction associated thelium-dependent vasodilatation in the coronary [7] and with reduced bioactivity of nitric oxide (NO) occurs in forearm vasculature [8] [9] [10] even in the absence of other patients with cardiovascular risk, and might be a common cardiovascular risk factors. A key mechanism for age-related endothelial dysfunction and increased cardiovascular risk is increased oxidant stress, with increased concentrations of reactive oxygen q species leading to reduced activity of NO [3] . Plasma [11]. These data suggest that reduced vitamin C (or other dietary antioxidants) in the elderly might contribute to 2 .2. Study protocol increased oxidative stress, reduced NO activity and cardiovascular disease.
Forearm endothelial and smooth muscle function was Studies of administration of intra-arterial vitamin C in assessed at baseline. Subjects were randomised to 6 weeks the forearm in subjects with cardiovascular risk factors of a healthy 'Mediterranean-type' diet (n518) or to a other than age have reported increased endothelium-dependouble-blind study of either vitamin C supplements (n518; dent relaxation in forearm resistance vessels [2] [3] [4] [5] [6] . In 1 g / day as a single dose) or matched placebo tablets addition, Taddei et al. [12] have reported that intra-arterial (n518). The subjects randomised to the 'healthy' diet were vitamin C improves endothelium-dependent vasodilatation asked to make two main changes in their diet. Firstly, they in elderly subjects (n512). However, these studies investiwere asked to increase their intake of fruit and vegetables gated the effects of single doses of vitamin C to achieve by three portions a day. A portion was a helping that was supraphysiological concentrations. Whether improved standard for each particular subject. Secondly, they were endothelial function can be achieved using clinically useful asked to follow other aspects of a generally healthy oral doses of vitamin C remains to be determined. More-'Mediterranean diet' such as red meat to be replaced by over, the role of other dietary anti-oxidants has not been poultry and fish, butter or cream to be replaced by investigated. We therefore studied whether sustained (6 margarine and use of olive oil for cooking, based on the weeks) vitamin C supplementation as tablets or as part of a De Lorgeril Mediterranean diet [15] . The effect on plasma 'Mediterranean-type' diet improves endothelial function in vitamin C of these dietary changes in healthy older healthy older subjects. subjects was measured in a pilot study in nine older subjects (mean age 6761 (S.E.M.) years, range 57-75 years). After dietary intervention vitamin C intake increased from 141625 to 351622 mg / day (P,0.01).
. Methods
Plasma ascorbic acid levels showed a significant increase from 68616 to 90616 mmol / l (P,0.01). Based on this 2 .1. Subjects pilot data we estimated that the above dietary intervention would increase dietary vitamin C intake by approximately A total of 56 healthy older subjects (26 males; 53 150% above usual dietary vitamin C intake in healthy Caucasian, one South Asian, two Afro-Caribbean; mean older subjects. Compliance was confirmed by tablet count age 6761 (S.E.M.) years, range 57-80 years; average and by food diaries kept by the subjects. After 6 weeks the sitting blood pressure: 134 / 7863 / 1 mmHg) were reweight and blood pressure were re-measured. Blood samcruited. The study conforms to the principles outlined in ples were taken for determination of the plasma vitamin C the Declaration of Helsinki (Cardiovascular Research levels, and forearm endothelial and smooth muscle func-1997;35:2-3). All subjects gave written informed consent tion was re-assessed. to the studies, which were approved by the local hospital ethics committee.
Subjects were screened by medical history, physical 2 .3. Assessment of vascular function examination, electrocardiograph and laboratory analysis. They were excluded if any of the following were present:
Mercury-in-rubber strain gauge plethysmography [16] cardiovascular disease, diabetes mellitus, transient iswas used to measure bilateral forearm blood flow. We chaemic attack or cerebrovascular accident, current smokassessed the influence of acute and chronic administration ing (26 subjects had never smoked; three subjects stopped of vitamin C, a 'healthy' diet and placebo on endotheliumsmoking 6-12 months before the study; the rest had been dependent and -independent relaxation. Bradykinin (BK) ex-smokers for 1862 years), treatment for hyperor acetylcholine (ACh) were used to probe endotheliumlipidaemia, hypertension or use of other vasoactive medidependent dilatation, and GTN was used to assess endocation. Subjects taking antioxidant supplements were asked thelium-independent dilatation. to omit these for at least 6 weeks prior to study.
Alcohol and caffeine were withheld for 12 h before the Height and weight were measured with subjects in light studies, which were performed in a temperature-controlled clothing and shoes removed. Sitting arterial blood pressure laboratory (26-28 8C) in the post-absorptive state. Drugs was measured after 10 min rest on two separate occasions or physiological saline [0.9% (w / v) NaCl] were infused using an automatic oscillometric device (Omron HEM 705 continuously at 0.5 ml / min into the brachial artery of the CP) [13] . Blood pressure was taken as the mean of three non-dominant arm through a 27 SWG needle introduced readings from the second visit. Blood samples were taken under local anaesthetic (1% lignocaine). During recording for biochemical analysis (renal and liver function, fasting periods, the hands were occluded from the circulation by glucose and fasting lipid profile) and determination of the inflating a cuff placed around each wrist to supra-systolic plasma vitamin C levels [14] .
pressure. Blood flow was derived by measuring the rate of increase in forearm volume caused by inflating upper arm 2 .5. Data analysis congesting cuffs to 40 mmHg for 10 s in every 15-s cycle.
After a baseline period of 15 min following brachial Forearm blood flow, expressed as ml / min / 100 ml artery cannulation, cumulative dose-response curves were forearm volume, was calculated according to the method of constructed to BK (20, 40 and 80 pmol / min; each dose for Whitney [16] . The ratio of blood flow in infused to control 3 min), followed after 15 min by GTN (4, 8 and 16 arm was calculated for each measurement period. Dilatanmol / min; each dose for 3 min). After a further 15 min to tion in response to the infused drugs was expressed as allow return to baseline blood flow, vitamin C (25 mg / percentage increase in this blood flow ratio during control min) was infused intra-arterially and dose-response curves (saline) infusion. Responses were compared by analysis of to BK and GTN in the presence of vitamin C constructed the area under the dose-response curve and expressed in as above. The dose of vitamin C was based on that found arbitrary units. Results are expressed as mean6S.E.M. in previous studies to increase endothelium-dependent Data were compared by Wilcoxon signed ranks test, where relaxation in the forearm in subjects at increased car-P,0.05 was considered significant. Differences in area diovascular risk [2, [4] [5] [6] . This dose of vitamin C leads to a under the curve (AUC) for dose-response curves for the local forearm concentration reported to protect human three limbs of the 6-week treatment study were compared plasma from free radical-mediated lipid peroxidation [17] .
using Kruskal-Wallis (KW) tests. Where the KW test Six weeks after randomisation to either 'healthy' diet, showed a significant difference, post-hoc comparisons vitamin C supplements or placebo, the above protocol was between pairs of data were compared by the Mannrepeated. As there is evidence for selective impairment of Whitney test. specific endothelium-dependent relaxant pathways by other cardiovascular risk factors [18] , in 16 of the above subjects (mean age 6661years; range 57-78 years) the above 3 . Results protocol was repeated using ACh (25, 50 100 nmol / min) instead of BK as the endothelium-dependent dilator.
The baseline clinical and biochemical characteristics of the study population are shown in Tables 1 and 2 . All subjects had normal renal function.
.4. Drugs

.1. Effects of acutely administered vitamin C on
endothelial function GTN (Lipa Pharmaceuticals, Middlesex, UK), ACh (Sigma Chemical Co., Dorset, UK), ascorbic acid (Evans Baseline forearm blood flow was 4.6460.35 ml / min / Medical Ltd., Leatherhead, UK) were obtained from 100 ml forearm volume during saline infusion and did not commercially available sources. They were diluted to the alter significantly during intra-arterial administration of desired concentration using normal saline. Fresh solutions vitamin C (4.8560.36 ml / min / 100 ml forearm volume, were made for each study. Vitamin C tablets and matching P50.42). The BK response was unaffected by co-adminisplacebo tablets were generously supplied by Wellbeing tration of vitamin C (n556: AUC 1050690 before and (Birmingham, UK).
1014695 in the presence of vitamin C, P50.549; differ- ence in AUC for BK response: 236 (95% confidence interval (CI) 2145 to 216; Fig. 1a ). Vitamin C did not alter the response to ACh (n516: AUC 18206226 before and 17246204 in the presence of vitamin C, P50.569; difference in AUC for ACh response: 296 (95% CI 2324 to 518; Fig. 2 ). Co-administration of vitamin C did not alter the vasodilator response to GTN in either study (n554: AUC 751670 before and 758658 in the presence of vitamin C, P50.949; difference in AUC for GTN response: 17 (95% CI 2134 to 122; Fig. 1b ; n516 AUC 543675 before and 574691 in the presence of vitamin C, P50.605; difference in AUC for GTN response: 131 (95% CI 2244 to 180).
.2. Effects of 6 weeks intervention
.2.1. Plasma vitamin C
With 6 weeks intervention the increase in plasma C, P50.008.
.2.2. Bradykinin-dependent responses
After 6 weeks of treatment baseline forearm blood flow tablets versus matched placebo but this did not achieve did not change significantly in any of the three groups.
statistical significance (P50.29; 95% CI 2245 to 773). However, there were significant differences between the three study groups in BK-dependent vasodilatation (mean 3 .2.3. GTN-dependent responses change in BK AUC was: 'healthy' diet: 12496148, After 6 weeks treatment, there were significant differvitamin C tablets: 2916182, placebo: 23556172; KW: ences between the three study groups in GTN-dependent P50.043; Fig. 3 ). Post-hoc tests showed a significant relaxation (mean change in GTN AUC: 'healthy' diet: increase in BK-dependent vasodilatation with a 'healthy' 13546123, vitamin C tablets: 2106104, placebo: diet (P50.011) versus placebo. There was a trend for 21976175. KW: P50.011; Fig. 4 ). This increase in GTN increased BK-dependent vasodilatation with vitamin C as AUC was highly significant with a 'healthy' diet (P5 7764 / 2 mmHg (P50.003 and P50.014 for systolic and 0.003) versus matched placebo but did not achieve statistidiastolic pressures). cal significance with vitamin C tablets versus placebo (P50.18; 95% CI 2231 to 604).
. Discussion
.3. Other measurements
There are two principal findings of this study. Firstly, There was no significant change in blood pressure or we found that acute intra-arterial vitamin C has no major body mass index following 6 weeks supplementation with effect on endothelial or smooth muscle reactivity in either vitamin C tablets or a 'healthy' diet (Table 2) . healthy older subjects. Secondly, a healthy 'MediterraneanSystolic and diastolic blood pressures were significantly type' diet for 6 weeks improves vasodilator function in the lower after 6 weeks on placebo. Pre-randomisation values forearm of healthy older subjects whereas supplementation were 136 / 8064 / 2 mmHg and after 6 weeks were 129 / of vitamin C as tablets has no major effect. Decreased synthesis, reduced bioavailability and impaired effector pathways for nitric oxide and other endothelium-derived relaxant factors have been implicated in age-associated impairment of endothelium-dependent relaxation, and each of these facets of endothelial function can be impaired by oxidative stress. Reactive oxygen species including superoxide inactivate NO directly, and the product of the reaction between NO and superoxide (peroxynitrite) is directly toxic to endothelial cells and has other actions to impair vascular relaxation [19] . Contributory factors to increased oxidant stress with age include reduced intake of dietary antioxidants [20] and increased generation of reactive oxygen species by co-morbid diseases as well as cumulative exposure to environmental oxidative stress through diet and pollution. Anti-oxidant rich foods such as fresh fruit and vegetables are costlier, and may be difficult to eat if dentition is poor. Cheaper ant quenching enzymes such as superoxide dismutase [21, 22] . Vitamin C is an important water-soluble antidiet may be an early improvement in vascular dilator oxidant in human plasma and is capable of scavenging function. In our study there were improvements with the oxygen-derived free radicals such as superoxide anion healthy 'Mediterranean-type' diet both in endothelium- [17] . In the present study, acute administration of vitamin dependent and endothelium-independent vascular relaxa-C did not significantly alter endothelium-dependent relaxation. These improvements in vascular relaxation did not tion in forearm resistance vessels in older subjects. This is appear to be explained by changes in weight, blood in contrast to previous studies of administration of acute pressure or by dietary changes in potassium or sodium vitamin C in the forearm in subjects with other carintake, as assessed by 24-h urinary electrolyte excretion. diovascular risk factors, in which increased endotheliumIn our study, 6 weeks of sustained vitamin C suppledependent relaxation in forearm resistance vessels has been mentation as tablets had no major effect on endotheliumconsistently reported [2] [3] [4] [5] [6] . Of note, this was despite our dependent or -independent vascular relaxation in the use of the standard protocol for acute vitamin C adminisforearm. One explanation may be that very high contration in the above positive published studies [2] [3] [4] [5] [6] and centrations of vitamin C (.10 mmol / l) are needed in vitro assessment of two different endothelium-dependent relaxto prevent the interaction of superoxide with nitric oxide ants, BK and ACh, in separate studies. Our study with 56 [25] . These high concentrations are not achievable by oral subjects for the BK responses and 54 subjects for the GTN doses of vitamin C. responses had a much higher power than previous reports
In the present study, despite similar increases in plasma thereby making a type II error less likely. One explanation vitamin C with tablet supplements compared to the 'healfor these discrepant findings is that different cardiovascular thy' diet, there were no major changes in vascular relaxarisk factors may selectively impair pathways mediating tion. This suggests that direct effects of vitamin C alone endothelium-dependent relaxation. Impaired endotheliumare not sufficient to account for the improved vasodilatdependent relaxation to the pertussis-toxin mediator ACh ation seen with the 'healthy' diet. However this interpretabut not to the pertussis toxin-insensitive mediator BK was tion of our data needs to be treated with caution as vitamin noted in patients with hypercholesterolaemia [18] . One C may have pro-oxidant effects within the concentration small previous study by Taddei et al. [12] (n512) obrange achieved in our study [26] . Furthermore, it is served impaired endothelium-dependent relaxation in repossible that vitamin C contributed to vascular relaxation sponse to ACh, reversible by vitamin C in healthy sedenin synergy with other anti-oxidants in the 'healthy' diet. tary older subjects. However, their findings were likely to These include other vitamins such as vitamin E and A, have been confounded by the presence of smokers in their flavonoids and other phenolic compounds which contribute study group as smoking is well recognised to cause to the high antioxidant capacity of some fruit and vegetvitamin C reversible endothelial dysfunction in the forearm ables. [2] .
Epidemiological studies provide support for the imporIn several previous studies, the endothelium-dependent tance of increased dietary antioxidant intake for carprobe used was methacholine, which acts largely by nitric diovascular disease prevention [27, 28] . In the present oxide independent pathways [23] . Thus, vitamin C restudy, there were similar improvements in both endoversibility of endothelial dysfunction in those studies was thelium-dependent and -independent vascular and relaxalikely to have tested oxidant stress-mediated impairment of tion with the 'healthy' diet. If antioxidants are protecting NO-independent endothelial relaxant pathways.
NO then it is possible that they will protect endotheliumBias in our study by selection of physically fit subjects derived NO and NO derived from NO donors. appears unlikely as only ten of our 56 volunteers took any Previous long-term studies on the effects of oral antiform of exercise and in none of them was this vigorous or oxidant therapy on endothelial function have produced frequent. The UK has very high standardised mortality variable results with some reporting improved endothelial rates for ischaemic heart disease and a 'healthy' UK function and others not [29] [30] [31] [32] [33] [34] [35] [36] [37] . person is likely to be less healthy than subjects from most Endothelial dysfunction may occur by several different other developed countries. Our subjects were recruited oxidant stress-associated mechanisms depending on the from the local population and had a wide range of social cardiovascular risk factor or disease under study. This backgrounds and dietary habits. Of note, average fasting raises the obvious question whether specific approaches to cholesterol levels in our study were typical for the UK treatment may be needed both with regard to choice of population with a mean 10% above action levels recantioxidant, alone or in combination and selection of dose ommended by international Coronary Prevention Advisory to reverse endothelial dysfunction. Groups [24] .
It is well established that dietary habits vary by age, The 'healthy' diet in our study was based on the gender, education and marital status. For example, older Mediterranean diet which in the Lyons Heart study was subjects and especially men are more likely to cook with found to reduce recurrence of myocardial infarction [15] . saturated fats, to use saturated fat spreads, full cream milk Our results suggest that one mechanism for the reduced and to consume more red meat. They are also less likely to cardiovascular morbidity associated with the Lyon healthy eat poultry, pasta and fresh vegetables than women or dependent vasodilation of resistance coronary artery by acetylyounger people [38] . ascorbic acid and mortality in men and women in EPIC-Norfolk
In conclusion the present study suggests that a healthy prospective study: a prospective population study. European Pros-'Mediterranean-type' diet improves endothelial function in pective Investigation into Cancer and Nutrition. Lancet
